Summary. The renal handling of inorganic phosphate was studied by measuring the urinary excretion rate of phosphate (Ueo4V), phosphate-(Cr 51) EDTA clearance ratio (Cpo4/GFR) and maximal tubular reabsorption of phosphate per litre glomerular filtrate (Tmpo4/GFR) during fasting in 26 ambulatory Type 1 (insulin-dependent) diabetic children without clinical signs of microangiopathy (age: 7-14 years; duration of disease: 3-14 years). Similar measurements were made in 28 healthy schoolchildren (age: 8-14 years). Ueo4 V and CeoJ GFR were significantly enhanced in the diabetic children (p < 0.001) and correlated with the degree of hyperglycaemia (p < 0.005). Tmpo0/GFR was significantly suppressed in the diabetic children (1.23 versus 1.73 mmol/1, p < 0.001). This disturbance was neither related to changes in serum parathyroid hormone nor to growth hormone concentrations but was inversely correlated with the degree of hyperglycaemia (r = -0.61, p < 0.001) and with tubular reabsorption of glucose (r = -0.53, p < 0.01). In spite of the markedly lowered Tram4/ GFR in the diabetic subjects, the mean maximal (Tmpo,) and absolute tubular phosphate reabsorption rates were equal to those of the 28 healthy subjects. Both in the diabetic and healthy subjects, these parameters were positively correlated with glomerular filtration rate which was significantly elevated in the diabetic children (138 versus 109 ml/min per 1.73 m 2, p < 0.01). The study demonstrates a dysfunction in tubular phosphate reabsorption in diabetic children which is related to glycaemic regulation.
In Type 1 (insulin-dependent) diabetic patients, functional glomerular changes are known to occur from the early stages of the disease. The glomerular filtration rate (GFR) is significantly increased by 25-30% in diabetic children compared with healthy children [1, 2] . This abnormality in GFR of juvenile diabetic subjects fluctuates and is readily reversible with optimal glucose regulation [3, 4] .
Functional changes in the renal tubular system may also occur from the onset of Type 1 diabetes. Fasting urinary excretion of inorganic phosphate is increased and the maximal capacity of renal tubular reabsorption of phosphate per litre of filtrate (TmmJGFR) is significantly decreased [5] [6] [7] . These tubular abnormalities are also reversible and probably related to blood glucose control [8, 9] . As both glucose and phosphate transport in the proximal tubules are coupled to active sodium entry into the tubular cells, it is likely that glucose reabsorption interfers with phosphate reabsorption by inhibiting phosphate affinity at the tubular brush border membrane [10, 11] .
Hitherto, detailed studies of the renal handling of inorganic phosphate in diabetic children have not been reported. We present here a study in which the urinary excretion rate of phosphate (Um~V), phosphate-(Cr 5~) EDTA clearance ratio (Cm4/GFR) and TmpoJGFR were determined and compared with similar measurements in normal children.
The observations demonstrate that a dysfunction of the tubular handling of phosphate is present in subjects with Type 1 diabetes, the degree of which is related to hyperglycaemia.
Patients and Methods
Twenty-six ambulatory children with Type 1 diabetes (17 girls and 9 boys, aged 7-14 years, mean 11.8 years; duration of diabetes 3-14 years, mean 6.8 years) participated in the study. Twenty-eight healthy school children (13 girls and 15 boys, aged 8-14 years, mean 11.8 years) served as control subjects. Informed consent was obtained from parents for both normal and diabetic children. Arterialized capillary blood pH was normal in all (range 7.36-7.44) with mean pH of 7.40 in the two groups. The mean standard bicarbonate was slightly 0012-186X/82/0023/0406/$01.00 lower in the diabetic children (22.9 _+ 1.71 versus 23.7 _+ 0.98 retool/l, p < 0.05). Serum creatinine was normal and proteinuria, tested by AIbustix, was not detected in any of the children. None of the diabetic children had retinopathy. Before the study, the children had consumed a diet free of phosphorus restriction and estimations by a dietician indicated a daily phosphorus intake between 1200-2200 mg in both groups. All children were studied supine between 08.00 and 10.00 h after at least 12 h fasting and preceded by voiding urine. During the study period, 200 ml water was given by mouth. The usual morning dose of insulin was deferred until the end of the test and none of the diabetic children had received insulin for at least 14 h.
Glomerular filtration rate (ml/min per 1.73 m 2) was determined from the total (Cr sl) EDTA plasma clearance, measured by a simplified single injection method [12] over 2 h after IV injection of 3 ~tCi(Cr 51) EDTA/kg body weight (maximum 100 ~tCi). The minor inaccuracy of the clearance versus GFR was corrected [13] . Fasting urine was collected for 2 h by voluntary voiding. Free flowing blood samples were taken at the midpoint. The concentration of glucose and phosphate were determined both in urine and plasma by conventional laboratory techniques. The pH of arterialized capillary blood and standard bicarbonate were also measured. Serum parathyroid hormone was determined by radioimmunoassay with anti-bovine Cterminal parathyroid antiserum (Institut National des Radioelements, Fleurus, Belgium) and serum growth hormone determinations were assayed by a double-antibody method [14] using appropriate antisera supplied by International CIS, Sorin Biomedica, Saluggia, Italy. The Tmpo/GFR was derived from the corresponding plasma phosphate value and phosphate-(Cr51)EDTA clearance ratio by using the nomogram of Walton and Bijvoet [15] .
Student's t-test and Mann-Whitney's U test were used for statistical analysis.
Results
The results of the mean urinary excretion rate of phosphate (Upo4V) and other relevant urine and plasma determinations in the diabetic and healthy children are shown in Table 1 . The fasting plasma inorganic phosphate concentration was significantly lower in the diabetic children (1.36 versus 1.48 mmol/1, p < 0.005) and Upo4V was significantly elevated in the diabetic children compared with the healthy children (1.19 versus 0.43 mmol/h, p < 0.001). In the diabetic children, the phosphate excretion rate was correlated positively with the urinary excretion rate of glucose (r = 0.53, p < 0.01) and with blood glucose (r = 0.52, p < 0.01). Figure 1 shows that the Cpo/GFR ratio was markedly increased in the diabetic subjects compared with the healthy children (0.146 _+ 0.046 versus 0.057 + 0.025, p < 0.001). In the diabetic children, the Cpo,/ GFR ratio was correlated with blood glucose (r = 0.49, p < 0.05). Figure 2 illustrates the individual and the mean values of the threshold concentrations for phosphate (Tmpo4/GFR) in the healthy and the diabetic children. The mean TmpofGFR was 1.73 + 0.24 mmol/l in the healthy subjects compared with 1.23 _+ 0.25 mmol/l in the diabetic children (p <0.001). Serum parathyroid hormone and human growth hormone concentrations were not significantly different in the diabetic and healthy subjects (Table 1 ) and the former did not correlate with Tmpo4/GFR. From Figure 3 it is seen that the level of Tmpo4/GFR in the diabetic patients correlated inversely with the blood glucose concentration (r = -0.61, p < 0.001). TmpoJGFR also correlated inversely with the tubular reabsorption rate of glucose in the diabetic subjects (r = -0.53, p < 0.01). Figure 4 shows that in both the diabetic and healthy subjects, the Tmpo4 and the renal reabsorption rates of phosphate correlated with GFR. The GFR in the diabetic children was significantly elevated compared with the healthy children (138 + 13 versus 109 _+ 13 ml/min per 1.73 m 2, p < 0.01). It is also seen from Table 1 that Tmpo, and the absolute reabsorption rate of phosphate were similar to those of the control children. Thus, in spite of the markedly lowered Tmpo,/GFR in the diabetic children, the Tmeo4 and the absolute renal reabsorption rate of phosphate were not decreased compared with the healthy children.
Discussion
This study, performed in comparable groups of healthy and insulin-dependent diabetic children, confirms the presence of a dysfunction of renal handling of inorganic phosphate in diabetes [6] [7] [8] [9] . The urinary excretion rate of phosphate and the fractional urinary excretion of phosphate (Fig.l) were significantly increased and Tmeo4/GFR, derived from the nomogram of Walton and Bijvoet [15] , was significantly lowered in the diabetic subjects (Fig. 2) . As the concentrations of parathyroid hormone and growth hormone are factors known to affect tubular phosphate reabsorption and Tmpo4/GFR [16, 17] , these hormones were determined. An increased parathyroid hormone level inhibits Tmpo,/GFR. However, in the diabetic children, the mean parathyroid hormone concentration was similar to that of the healthy children (Table 1 ) and parathyroid hormone level did not correlate with Tmpo,/GFR. Decreased levels of growth hormone also lower Tmpo4/GFR, but the concentration of growth hormone was not decreased in the diabetic children (Table 1) . On the other hand, we found that the abnormalities in renal handling of phosphate were closely related to the blood glucose concen-
x. tration and to the rate of tubular reabsorption of glucose. The higher the fasting blood glucose, and therefore the reabsorption rate of glucose, the lower the Tmpo/GFR (Fig. 3 ). This suppression of Tmpo/GFR is reversible with the control of blood glucose. Gertner et al. [9] have elegantly demonstrated this reversibility in Type 1 diabetic patients examined before and after euglycaemia induced by insulin pump therapy. With the restoration of normoglycaemia, a striking rise occurred in Tmpo4/GFR and in plasma PO4 concentration. The inhibitory effect of glucose is linked to glucose reabsorption per se and not to a non-specific osmotic intraluminal effect. Experimental work has clearly shown that when mannitol is substituted for glucose, no change in phosphate reabsorption occurs [18, 19] . In addition, this effect of glucose is not secondary to insulin action [20] .
In the present study, it is of interest to note that in spite of the considerable lowering of Tmpo/GFR, the difference between the plasma PO4 in the diabetic and healthy children was negligible. This would indicate that a compensatory change occurs in the diabetic children, leading to a normalization of the absolute tubular reabsorption rate of phosphate. In the diabetic children, the absolute phosphate reabsorption rate was correlated with GFR ( Fig. 4) and the GFR was significantly elevated to such an extent that the absolute phosphate reabsorption in the diabetic children became equivalent to that of the healthy children.
According to the classical theory formulated by Homer Smith [21] which is accepted by most investigators, the rate of proximal reabsorption is automatically adjusted by changes in GFR, thereby preserving glomerulo-tubular balance. Previously Mogensen [22] has shown in patients with Type 1 diabetes of short duration that the maximal tubular reabsorption capacity for glucose is elevated to approximately the same degree as GFR. Thus, the glomerulo-tubular balance for glucose is maintained in these patients. From the present study it is evident that Tmpo4 was not elevated in the diabetic children in spite of their significantly increased GFR. Therefore, the glumerulo-tubular balance for phosphate is not maintained in these patients.
An alternative hypothesis, 'the distal tubular feedback hypothesis', for the relationship between GFR and tubular function postulates that the proximal reabsorption capacity is the primary variable and that significant changes in GFR are secondary to alterations, predominently in proximal tubular reabsorption rate [23, 24] . It should be remembered that both glucose and inorganic phosphate reabsorption in the proximal tubules are sodium-dependent and are transported competitively [10] . This suggests the possibility that increased glucose reabsorption leads to obligatory sodium reabsorption, thereby normalizing the absolute phosphate reabsorption rate of the diabetic children (co-transport). As the tubular sodium load is normally almost totally reabsorbed ( > 99%), a significant increase in coupled sodium -(solute-linked isotonic water) reabsorption has to be mediated by an increase in GFR. If this interpretation of our data is correct, it may explain why both the lowered Tmpo/GFR and the increased GFR are readily reversible with optimal regulation of blood glucose.
In conclusion, this study demonstrates a dysfunction of tubular handling of inorganic phosphate in diabetic children which is probably secondary to the abnormality of glucose metabolism.
